Mitochondrial DNA in the T male-sterile cytoplasm (cms-T) of maize contains an open reading frame (ORF 13) associated with the T type of sterility. Antibodies raised to a chemically synthesized oligopeptide corresponding to ORF 13 were used to establish the expression of a 13-kDa protein from this reading frame. The 13-kDa polypeptide is synthesized uniquely in cms-T maize and purifies with the membrane fraction of T mitochondria. We assign the symbol urpf3-T to designate this mitochondrial gene. Presence of the nuclear restorer gene Rfl in cms-T plants results in a decrease in abundance of 13-kDa protein and alteration in the transcripts of urfl3-T.
Cytoplasmic male sterility (cms) in higher plants represents one of the few well-characterized examples of heritable variability transmitted through the cytoplasm. Pollen production is aborted in cms plants, yet female fertility is unaffected. In maize (Zea mays L.), the trait has been used extensively in the commercial production of hybrid seed as a means of preventing self-fertilization. The three major malesterile cytoplasms of maize-S, C, and T-are distinguished according to the pattern of fertility restoration by nuclear restorer genes. The S and C cytoplasms require a single dominant restorer gene for fertility restoration-RJ3 and Rf4, respectively-whereas two restorer genes, Rfl and Rf2, are necessary to restore T cytoplasm cms (cms-T) plants to male fertility (1) (2) (3) (4) .
In maize, abundant evidence indicates that changes in organization and expression of the mitochondrial genome are responsible for the cms trait (for review, see ref. 5) . Maize plants carrying the T cytoplasm are also distinguished by an apparently inseparable association between male sterility and susceptibility to the fungal pathogen Bipolaris maydis, race T (6) (7) (8) . This pathogen produces a host-specific toxin that affects the permeability of cms-T mitochondria and promotes the uncoupling of oxidative phosphorylation and the leakage of NAD+ and Ca2l (9) (10) (11) . In contrast, mitochondria from male fertile (N), cms-C, and cms-S cytoplasms are insensitive to the toxin.
Protein synthesis studies of isolated mitochondria have revealed differences between the protein products of T versus N mitochondria (12) . In particular, a 13-kDa polypeptide is observed in T mitochondria that is absent in N, and a 21-kDa protein is synthesized in N mitochondria that is not detected in T. The 13-kDa protein is further characterized by a dramatically reduced abundance in cms-T plants that are restored to fertility by nuclear restorer genes Rfl and Rf2 (13) .
We have previously reported the identification of a highly rearranged DNA sequence, designated TURF 2H3, unique to the T cytoplasm of maize and associated with this type of sterility (14) . TURF 2H3 contains two major open reading frames, ORF 13 and ORF 25, which may encode polypeptides of 13 and 25 kDa, respectively. The organization and transcription of ORF 13, so far as we know, are unique to the T cytoplasm of maize. Significantly, ORF 13 transcripts are modified in maize plants restored to fertility by the cms-T nuclear restorer genes.
We have demonstrated that ORF 13 produces a polypeptide unique to the T cytoplasm of maize by using an antiserum prepared against a synthetic oligopeptide derived from the ORF 13 predicted amino acid sequence. Immunoprecipitation and immunoblotting studies reveal that this protein is the 13-kDa protein originally described by Forde et al. (12) . Furthermore, we show that alterations in the transcripts of the ORF 13 gene and reduction in the abundance of the 13-kDa polypeptide are attributable solely to the Rfl nuclear restorer gene. The nature of the 13-kDa polypeptide together with specific modification of its expression by a nuclear restorer gene suggests an important role for this protein in the T type of male sterility.
MATERIALS AND METHODS
Peptide Synthesis and Conjugation to Carrier Protein. Oligopeptide synthesis was conducted by David Klapper (University of North Carolina, Chapel Hill) using a Biosearch model 9500 peptide synthesizer according to the manufacturer's instructions and Merrifield (15) . The peptide was conjugated to bovine serum albumin using 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (Pierce) as described (16) .
Preparation of Polyclonal Anti-Peptide Antiserum. Male New Zealand White rabbits were injected initially with 0.1 mg of peptide-carrier conjugate emulsified in 0.5 ml each of phosphate-buffered saline and Freund's complete adjuvant. Animals were given booster injections of 0.1 mg of antigen emulsified in Freund's incomplete adjuvant at 2to 3-week intervals and were bled 1-2 weeks after the injections. Total antiserum or protein A-agarose (Sigma) purified IgG was used in all experiments.
Isolation of Mitochondria. Mitochondria were isolated from various plant parts and purified on sucrose step gradients as described (17) . Organelle pellets were lysed in 10 mM Tris HCI, pH 7.4/0.5% NaDodSO4 and stored at -20'C as total mitochondrial protein. Mitochondrial proteins were quantified by the methods of Lowry et al. (18) and Whitaker and Granum (19) . Inbred line B37 was used as the source of N cytoplasm. Maize seed was grown in our local maize nursery or was obtained from Paul Sisco (North Carolina State University). Genotypes and organ sources of cms-T plants examined are given in Table 1 .
Protein Blots. Isolated mitochondria were lysed in 60 mM Tris HCI, pH 6.8/10% (vol/vol) glycerol/4.0% NaDodSO4/ Abbreviations: cms, cytoplasmic male sterility; ORF, open reading frame.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 2.5% 2-mercaptoethanol, and boiled for 5 min. Proteins were separated electrophoretically in 18% (wt/vol) polyacrylamide/0.1% (wt/vol) NaDodSO4 gels according to Laemmli (20) . Gels were electroblotted to nitrocellulose (21) followed by incubation with 2% gelatin to saturate the immobilizing matrices with protein. Blots were challenged with appropriate dilutions of antisera and goat anti-rabbit IgG peroxidase (Sigma) with intermediate washes (10 mM Tris1HCl, pH 8.0/150 mM NaCI/0.05% Tween 20). Bound anti-rabbit IgG was visualized by addition of 4-chloro-1-naphthol and hydrogen peroxide according to Hawkes et al. (22) . The molecular weights of the labeled polypeptides were estimated by running prestained molecular weight markers (Bethesda Research Laboratories) in parallel lanes.
Immunoprecipitation of Proteins Synthesized by Isolated Mitochondria. Mitochondrial translation products were labeled with [35S]methionine according to described procedures (12) . Contaminating bacterial protein synthesis was found to be minimal by using 20 mM sodium acetate as a carbon source. Labeled proteins were incubated with antisera in 20 mM Tris HCl, pH 8.0/150 mM NaCI/1.0% Triton X-100, and precipitated with protein A-agarose beads (Sigma). Precipitated protein was analyzed by NaDodSO4/ polyacrylamide gel electrophoresis and autoradiography.
Separation of Membrane and Soluble Mitochondrial Fractions. Isolated mitochondria, suspended in 10 mM Tris HCl (pH 7.4), were disrupted with five strokes of a loosely fitting Dounce homogenizer followed by sonication (3 x 1 min at 50% maximum power; Fisher Model 300 with microtip). Samples were spun at 110,000 x g for 2 hr. Supernatant was collected (soluble fraction) and the pellet was suspended in 10 mM Tris HCl, pH 7.4/0.5% NaDodSO4 (membrane fraction). RNA Electrophoresis, Transfer, and Hybridization. mtRNA was isolated from purified mitochondria and fractionated by
electrophoresis on 1.2% agarose gels with 6% formaldehyde (23) . Gels were transferred to nitrocellulose according to Goldberg (24) .
A 21-base long oligonucleotide described previously (14) was 5'-end-labeled with [y-32P]ATP (New England Nuclear, 6000 Ci/mmol; 1 Ci = 37 GBq) using T4 polynucleotide kinase (25) . RNA blots were hybridized to the oligonucleotide probe under conditions previously reported (14) . The 18S and 26S ribosomal RNAs of maize mitochondria were used as markers for estimating RNA sizes.
RESULTS Synthesis of ORF 13-Specific Antiserum. To demonstrate the expression of ORF 13, we prepared an antibody to the putative gene product by raising antiserum to a chemically synthesized oligopeptide based on the predicted amino acid sequence. Fig. 1 shows the location of the synthetic peptide (PEP 13) within ORF 13 together with the relative hydropathy profile. PEP 13 spans the region of greatest hydrophilicity and contains a predicted reverse turn; these characteristics are frequently associated with high antigenicity (16, 27) . PEP 13 was conjugated to bovine serum albumin and injected subcutaneously into New Zealand White rabbits. High-titer antiserum directed against the oligopeptide-carrier conjugate was used to substantiate the expression of ORF 13 by the assays described below.
Identification of ORF 13 Gene Product by Immunoprecipitation and Protein Blotting. Mitochondria from N and T cytoplasms were isolated from immature cobs and their translation products were labeled in vitro with [35S]methionine. The labeled translation products were immunoprecipitated using the ORF 13-specific antiserum followed by NaDodSO4/polyacrylamide gel electrophoresis ( Fig. 2A) . A 13-kDa polypeptide was specifically immunoprecipitated in T mitochondria; no precipitable product was detected in N mitochondria.
The presence of this 13-kDa protein in T mitochondria was also confirmed by the binding of the ORF 13-specific antiserum to protein blots of total mitochondrial proteins from N and T cytoplasms. In cms-T mitochondria, a unique 13-kDa polypeptide was detected in all plant parts examined, including etiolated seedlings (Fig. 2B ), immature cobs, green leaves, and roots (data not shown); no detectable signal was seen in corresponding N mitochondria. In cms-T plants restored to fertility by the nuclear restorer genes Rfl and Rf2 (TRf), the abundance of the 13-kDa mitochondrial protein was significantly reduced (Fig. 2B ). This result was confirmed with restored cms-T plants in three different nuclear backgrounds (Table 1) than the major 13-kDa species, is frequently seen in both T and T-restored mitochondria, but not in N. Whether this represents a degradation product or an alternative form of the 13-kDa protein is unknown. Anti-peptide specificity was demonstrated by showing that preabsorption of antiserum with free oligopeptide eliminated the 13-kDa signal (data not shown). Preincubation with bovine serum albumin failed to inhibit binding to the 13-kDa polypeptide. Incubation of protein blots with preimmune serum produced no signal to the 13-kDa protein (data not shown).
The apparent molecular weight of 13,000 determined by polyacrylamide gel electrophoresis corresponds well with the theoretical molecular weight of ORF 13 (12, 961) . The immunoprecipitation and protein blotting results also support previous observations that ORF 13 exists as a potential reading frame only in the T cytoplasm of maize (14) . Since this reading frame produces a unique polypeptide in cms-T maize, the symbol urfl3-T has been selected to designate the gene.
Localization of the 13-kDa Protein. To determine whether the 13-kDa polypeptide is associated with the membrane or soluble domains of the mitochondria, a protein blot analysis was conducted on each fraction. Protein blots challenged with the ORF 13-specific antiserum showed a strong signal at 13 kDa in the membrane fraction and a very weak signal in the soluble fraction (Fig. 3) . The low signal observed in the soluble lane is probably due to slight cross-contaminatiOn between the two fractions. The hydropathy profile of the 13-kDa protein predicts the NH2 terminus to be hydrophobic and the COOH terminus to be hydrophilic (Fig. 1) . Therefore, it is likely that the NH2-terminal region is the portion associated with the mitochondrial membranes.
Effect of Nuclear Restorer Genes on the 13-kDa Protein. The abundance of 13-kDa mitochondrial polypeptide is significantly reduced in cms-T maize plants that have been restored to fertility by the nuclear restorer genes RfI and Rf2 (Fig.  2B ). This result is in agreement with observations of Forde and Leaver (13) in which a 13-kDa protein unique to the T cytoplasm is dramatically reduced in T-restored mitochondria when in vitro protein synthesis products of isolated mitochondria are compared. To determine the individual effects of the nuclear restorer genes, crosses were made to generate cms-T plants containing only the dominant RfI allele (Rfl -, rf2 rf2) or Rf2 allele (rfl rfl, Rf2 -). Mitochondrial proteins from these plants were compared with mitochondrial proteins from cms-T (rfl rfl, rf2 rf2) and cms-T restored Rfl , Rf2 -) individuals by protein blot analysis (Fig. 4) . cms-T plants containing only the dominant Rf2 allele showed no apparent reduction in abundance of the 13-kDa protein when compared to cms-T plants homozygous recessive for both genes. However, cms-T plants having only the RfI allele demonstrated a reduction in the amount of 13-kDa polypeptide similar to that observed in cms-T restored plants. Similar results were obtained using mitochondria isolated from each genotype and organ source listed in Table 1 (data not shown). These observations suggest that the quantitative reduction in the 13-kDa protein is an effect solely of the Rfl locus. Fig. 4 . A previously described 21-base long oligonucleotide complementary to a region near the 5' end of urfl3-T was used as a hybridization probe (14) . Approximate sizes of transcripts are indicated in kilobases.
Effect of Nuclear Restorer Genes on the Transcripts of irfl3-T. We have previously reported an alteration in the steady-state transcriptional profile of the sequences corresponding to urfl3-T in mitochondria from cms-T restored plants (14) . Using a 21-base long oligonucleotide located near the 5' end of urfl3-T as a hybridization probe to RNA blots, restored cms-T plants were distinguished from cms-T sterile individuals by the presence of a 1.6-kilobase transcript in restored mitochondria that was absent in sterile mitochondria. To evaluate the individual effects of the restorer genes on the urfl3-T transcripts, RNA blot analyses were conducted on the cms-T plants described in Fig. 4 . cms-T maize containing only the dominant Rf2 allele (rfl rfl, Rf2 ) showed no alteration of transcripts when compared with homozygous recessive cms-T (rfl rfl, rf2 rf2) individuals ( Fig. 5) . Plants with only a dominant Rfl gene (Rfl -, rf2 rf2), however, showed hybridization to a 1.6-kilobase RNA transcript, similar to cms-T restored individuals (Rfl -, Rf2 -). These results suggest that alteration ofurfl3-Ttranscripts is a consequence of the Rfl locus alone. This observation, along with the protein blotting data (Fig. 4) , indicates that the modification in the transcriptional and translational products of urfl3-T in restored cms-T mitochondria can be accounted for solely by the Rfl restorer gene.
DISCUSSION
Synthesis of the 13-kDa protein in the T mitochondria of maize is unexpected considering the unusual origin of the urfl3-T gene. The rearrangements generating urfl3-T have translocated DNA sequences from portions of the interior and flanking regions of the 26S rRNA gene in such a way as to create a functional gene with a reading frame of 115 amino acids (ref. 14; this paper). The first 88 amino acids are encoded by sequences derived from a 3' flanking region of the 26S rRNA gene (Fig. 6 ). This DNA sequence in its original arrangement flanks the 26S gene and is located in a nontranscribed region of the genome. The final 18 amino acids of the 13-kDa protein, along with the TGA termination codon, are encoded by a DNA sequence derived from the coding region of the 26S rRNA gene. The DNA sequences originating from the coding and flanking regions of the 26S gene comprise 92% of the urfl3-T reading frame. The remaining nine amino acids, located between the two 26Sderived sequences, are encoded by a sequence of unknown origin. Fortuitously, recombinations have placed the urfl3-T coding sequence adjacent to a 5' flanking DNA of the ATPase subunit 6 gene (14) . Presumably this region contains promoter activity that enables transcription of the urfl3-T gene. Since the majority of the sequences comprising urfl3-T do not function as protein-coding sequences in their normal arrangement, the 13-kDa protein is probably unique to the T mitochondria of maize.
Leaver and co-workers, studying protein synthesis of isolated mitochondria, first observed a 13-kDa polypeptide uniquely produced in the T cytoplasm of maize (12, 13) . They also reported that the abundance of the protein was significantly reduced in cms-T restored plants (Rfl, Rf2). Because the urfl3-T-derived antiserum identifies a 13-kDa protein with the same characteristics, it seems evident that urfl3-T encodes the 13-kDa polypeptide originally examined by Leaver.
Immunoblotting studies indicate that the 13-kDa protein is associated with the mitochondrial membranes (Fig. 3) . The hydropathy profile of the predicted amino acid sequence suggests that the NH2-terminal region is the portion of the molecule that is membrane bound. These results do not differentiate between localization in the inner or outer mitochondrial membrane. Nevertheless, other membrane-bound polypeptides encoded by mitochondrial genomes of eukaryotes are situated in the inner mitochondrial membranes.
The joint effect of nuclear restorer genes, Rfl and Rf2, on the transcriptional and translational products of urfl3-T has been documented. Restored cms-T plants show both an alteration in the steady-state transcripts of urfl3-T (14) and a reduction in the abundance of the 13-kDa protein (13) . In (14) . bp, Base pairs. Proc. Natl. Acad. Sci. USA 84 (1987) two loci, Rfl and Rf2. RNA and protein blotting studies reveal that the Rfl locus alone is responsible for the modification of the transcripts and translation of urfl3-T (Figs. 4 and 5). The alteration in the transcripts is characterized by the presence of a 1.6-kilobase RNA species in cms-T plants containing the dominant Rfl allele that is absent in cms-T maize possessing the recessive form of the gene (rfl). The Rfl gene may be acting as an RNA processing enzyme or as an additional transcriptional factor. Nevertheless, it remains unclear how the modification of urfl3-T transcripts leads to a reduction in the abundance of the 13-kDa protein. Preliminary primer-extension studies indicate that the 5' terminus of the unique 1.6-kilobase RNA species begins 6 base pairs downstream of the putative urfl3-T initiator methionine codon (unpublished results). It therefore appears that the 1.6-kilobase transcript could not be used as a template for the production of the 13-kDa polypeptide.
Several lines of evidence implicate the urfl3-T gene and its protein product with the sterility trait of cms-T maize. (i) The gene organization and transcription are unique to T mitochondria. (ii) Transcriptional products and protein synthesis are modified by a nuclear restorer gene. (iii) urfl3-T is located within a 6.6-kilobase Xho I fragment that has been shown to rearrange in cms-T plants that, have reverted to fertility upon regeneration from callus culture (7, 14, 28, 29) . Although these data suggest a role of urf13-T in the T type of sterility, there is much that remains unexplained. Rfl has been shown to alter the expression of this gene, but no effect of the Rf2 restorer locus has been demonstrated even though this gene is also necessary for fertility restoration. Further studies will be required to determine the specific roles of urfl3-T and the nuclear restorer genes in pollen development.
Note. Immunoprecipitation ofa 13-kDa protein using an oligopeptidederived antiserum specific to urfl3-T has also recently been demnonstrated by Wise et al. (30) .
